We theoretically investigate the influence of defect-induced long-range deformations in carbon nanotubes on their electronic transport properties. To this end we perform numerical ab-initio calculations using a density-functional-based tight-binding (DFTB) model for various tubes with vacancies. Geometry optimization leads to a change of the atomic positions. There is a strong reconstruction of the atoms near the defect called "distortion" and there is an additional long-range deformation. The impact of both structural features on the conductance is systematically investigated. We compare short and long CNTs of different kinds with and without long-range deformation. We find for the very thin (9,0)-CNT that the long-range deformation additionally affects the transmission spectrum and the conductance compared to the short-range lattice distortion. The conductance of the larger (11,0)-or the (14,0)-CNT is overall less affected implying that the influence of the long-range deformation decreases with increasing tube diameter. Furthermore, the effect can be either positive or negative depending on the CNT type and the defect type. Our results indicate that the long-range deformation must be included in order to reliably describe the electronic structure of defective, small-diameter armchair tubes.
Introduction
Carbon nanotubes (CNTs) offer a large variety of properties from metallic types to semiconducting types depending on their structure parameters [1] [2] [3] . Because of their well defined quasi one-dimensional structure and their tunable electronic transport properties they are a promising material for future nanoelectronic devices, e.g. semiconducting CNTs may be used as sensor or as transistor channel [4] .
The fabrication of CNT-based devices leads to inevitable defects. Better understanding the impact of those defects on the device performance is necessary. For instance, it is well known that introducing vacancies in a perfect crystal will inhibit the electronic transport. However, such vacancies will always be accompanied by a defect-induced short-range reconstruction of the lattice, which is named "distortion" in the following. Especially for nano-scale systems, defects may also induce a weak long-range reconstruction which influence the electronic structure [5] . In the following, this is named "deformation".
Since the presence of defects (e.g. vacancies, substitutional atoms, functionalizations etc.) has a large impact on the electron transport [6] [7] [8] [9] [10] [11] [12] , defects are in the focus of scientific work. Theoretical studies examine electronic structure and transport properties of defective CNTs, where a geometry optimization is used in order to extract the real structure of CNTs with single defects, periodic defects, or randomly distributed defects [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . But within the geometry optimization only short CNTs are typically considered, including the short-range reconstruction of the atoms around the defect. Usually, it is assumed that this shortrange reconstruction constitutes the most significant structural change. Nevertheless, the influence of a long-range deformation on the electron transport has so far been neglected. Investigations based on continuum elasticity indicate that the range of the vacancy-induced deformation scales with the radius of the tube [24] .
In the following study we investigate the influence of the long-range deformation on the electronic transport properties of carbon nanotubes with vacancies. We compare the transport through very short/long CNTs to suppress/introduce this long-range deformation. We use a density-functional-based tight-binding (DFTB) method for the geometry optimization and the electronic structure calculations. The conductance is computed based on the quantum transport theory described below. 
Monovacancy (MV)

Theory
The calculations are performed using a DFTB model [25, 26] . We use the parameter set 3ob of Gaus et al. [27] , which includes the 2s and the three 2p Slater-Koster-type orbitals [28] . It is tailored for organic molecules with hydrogen, carbon, oxygen, and nitrogen atoms. It is especially adjusted to benzene, which has the same sp 2 structure as the carbon nanotubes we consider.
The electronic part of the DFTB parameter set contains the onsite energies µ of the orbitals µ ∈ {s, p x , p y , p z }, the distance-dependent hopping energies τ µν (r) between two atomic orbitals (µ, ν) at distance r, the one-centerintegrals σ µ of the orbital overlap, and the respective twocenter-integrals σ µν (r). The DFTB Hamiltonian matrix H and overlap matrix S is given by
where i and j are the atomic indices. The nuclei part of the DFTB parameter set contains the repulsive potential U (r) of two different nuclei at distance r. The atomic configuration is obtained by a geometry optimization through an energy minimization. To this end, the corresponding electronic force and the nuclei force at atom j are calculated by
The electronic transport is described by the transmission spectrum, which is calculated using quantum transport theory [29] . For this, a quasi one-dimensional device configuration is considered where a finite central scattering region is connected to two semi-infinite electrodes. In our case, the central scattering region contains the CNT with the defect and the electrodes are the ideal CNT. The Green's function of the central region is
with matrices Σ L/R describing the energy shift of the electronic states due to the electrode coupling. They are calculated iteratively via the renormalization decimation algorithm [30, 31] . By using G, the transmission spectrum can be calculated via
with matrices Γ L/R describing the broadening of the electronic states due to the electrode coupling. Finally, the conductance can be calculated with the Landauer-Büttiker formula [32]
where f (E) is the derivative of the Fermi distribution.
Results
In the following we focus on the long-range deformation in CNTs caused by defects. The geometric structures which we obtained after the geometry optimization are shown in figure 1. We consider the following different CNT types: (9,0), (11, 0) , (14, 0) , and (12, 4) . For the defects, we focus on the following vacancies: monovacancies (MV), divancancies which are aligned diagonally (DV1), and divacancies which are aligned in parallel (DV2) to the tube axes. Furthermore, we consider four different CNT lengths: = 13Å, 38Å, 64Å, 89Å for the (m,0)-CNTs resp. = 15Å, 46Å, 77Å, 108Å for the (12,4)-CNT. We label them S/M/L/XL-CNT, according to table 1. Figure  1 depicts the M-CNTs.
The strong short-range distortion due to the presence of the defect introduces a local reconstruction of the atoms surrounding the defect. This leads to a deformation influencing the long-range structure. The MV causes a perturbation of the sp 2 hybridization leading to an atom moving outwards the tube and a dented region around the nonagon pentagon border. The DV1 introduces a kink, which increases with decreasing tube diameter. The octagon ring of the DV2 causes a dented region. These local perturbations cause a global long-range deformation: The atoms are not displaced as drastic as during the local reconstruction, but the additional change is sufficiently large enough to influence the electronic properties. The long-range deformation has an ellipse-like shape with a larger ellipticity near the defect and a smaller ellipticity far away from the defect. In order to get a quantitative idea about the effect, elliptic regressions have been performed for small pieces of the CNT to extract the half-axes as a function of the axial position. The results are visualized in figure 2 for the (9,0)-CNT, proving the statement that the ellipticity decreases with increasing distance from the defect. The behavior of other CNTs is qualitatively identical, but quantitatively depends on the CNT type as well as the defect type. A comprehensive study with more detailed insights how to describe the structure can be found in [24] .
In the following we focus on the electronic transport properties. In order to quantify the influence of the previously discussed long-range deformation, we calculate the the transmission spectra of the CNTs of figure 1 for the four different CNT lengths shown in table 1. We compare the results concerning the tube length, where three different deformation patterns are observed: (A) The S-CNTs only contain the strong short-range reconstruction around the defect. The global long-range deformation of the CNT is suppressed. This is the reference system for discussing the influence of the long-range deformation. (B) The MCNTs additionally contain the decreasing ellipticity, which is the strongest part of the global long-range deformation. (C) The L-CNTs and the XL-CNTs additionally contain the overshoots of the global long-range deformation shown in figure 2 .
The transmission spectra for the S-CNTs and the XLCNTs are depicted in figure 3 . For the defective S-CNTs the transmission is reduced with respect to the ideal CNT due to the presence of the defect. Pronounced large dips are present at the band edges. The comparison of the XL-(9,0)-CNTs with its short counterpart (S) shows the following: The transmission changes for all three defect types. Mostly, the transmission is lowered, which is expected due to the additional perturbation of the sp 2 lattice. But there are a few energy regions, where the transmission increases, i.e. around 0.3 eV for the MV. The reason could be a detuning of the electronic resonances on a larger length scale. Nevertheless, this effect is minor and there is no systematic access for its description. The states near the conduction and valence band edge have the largest impact on the conductance. The (9,0)-CNT with a MV or a DV1 defect shows a reduced transmission resulting in lower conductance for the CNT with long-range deformation. The transmission for the (9,0)-CNT with a DV2 defect is slightly lower at the valence band and Here, the transmission is lowered at both bands, leading to a lowered conductance. In addition to the (m,0)-CNTs, the (12,4)-CNT with a MV defect as a representative of the defective chiral tubes is shown in figure 3 . For this CNT, only very slight and hardly visible differences between the transmission spectra of the S-CNT and the XL-CNT are present leading to a negligible change in the conductance. This is due to the fact, that the MV defect does not introduce a long-range deformation into the (12,4)-CNT within our DFTB calculations. A reason could be that the intrinsic strain along the chiral directions can be better reduced by the local reconstruction than along the circumference direction of the zigzag tubes. But the calculations are not sensitive enough to show whether this is true or not: The effective forces are too small to discriminate the absence of the deformation effect from unconverged DFTB geometries. Finally, the transmission spectra of the M-tubes and the L-tubes are nearly the same as the ones for the XLtubes (and thus not shown in figure 3 ). That means that the electron transport is mainly influenced by the CNT part with the exponentially decreasing ellipticity of the global long-range deformation. Smaller structural features beyond this are not relevant for the electronic structure and transport properties of the CNTs.
To get a more quantitative view on how the conductance is influenced, the ratio of the defective and the ideal case is depicted in figure 4 . The previous statements made for the transmission spectra are clearer. For the MV defect as well as for the DV1 defect the quantitative comparison of the three CNT types (9,0), (11, 0) , and (14,0) shows a decreasing influence of the long-range deformation on the transmission with increasing diameter. This could be explained by the fact that the absolute change of the radii is similar for these CNTs. But the relative values, which are decreasing with increasing diameter, lead to a smaller local distortion of the structure, i.e. a smaller ellipse eccentricity. In contrast, a decreasing influence of the long-range MV DV1 DV2
(9,0) −31% −27% 22%
(12,4) −6% ------ Table 2 : Conductance ratio of the XL-sized CNTs (with the longrange deformation) and the S-sized CNTs (without the long-range deformation) at room temperature (300 K).
deformation on the transmission with increasing diameter can not be seen for the DV2 defect. All the curves of figure 4 are summarized in figure 5 . Here, the conductance ratio of the XL-sized CNTs (with the long-range deformation) and the S-sized CNTs (without the long-range deformation) is shown. The relative changes of the conductance at room temperature (300 K) are also listed in table 2. The following statements can be extracted: A negative effect is present for the (9,0)-MV, the (9,0)-DV1, the (11,0)-MV, the (11,0)-DV2, the (14,0)-MV, the (14,0)-DV2, and the (12,4)-MV. A positive effect is present for the (9,0)-DV2, the (11,0)-DV1, and the (14,0)-DV1. At room temperature, the effect is significantly large for the (9,0)-MV, the (9,0)-DV1, the (9,0)-DV2, the (11,0)-DV2, and the (14,0)-DV2. The ef- fect is small for the other ones. This finally means that the effect is strong for small-diameter CNTs and/or CNTs with the DV2 defect -the divacancy that points towards the transport direction. There is no systematic trend concerning the sign of the change. Figure 6 shows the conductance at 300 K for all CNT lengths (S, M, L, XL), normalized to the one of the S-sized CNT. The change between the S-and the M-CNT is the largest. This indicates that the structural feature of the M-sized unit cell, which is the exponential decaying ellipticity, is the most relevant for the conductance. Further structural changes in the L-CNT and the XL-CNT are the overshoots of the ellipse radii for large distances from the defect as depicted in figure 1 . As explained before, the influence of these small features on the transmission spectrum is very small, and thus, their influence on the conductance is negligible.
Summary and conclusions
We investigated the influence of the defect-induced long-range deformation on the electronic transport properties of CNTs compared to the general impact of the short-range lattice distortion. For this, we calculated the transmission spectrum and the conductance for CNTs with three different defect types. For each defect, two geometry optimizations were carried out: One geometry optimization was performed for a short tube in order to suppress the long-range deformation and another one for a very long tube resulting in an ellipse-like long-range deformation. It was found that the impact of the long-range deformation on the conductance of small-diameter CNTs is more significant than for CNTs with larger diameter. This can be explained by a stronger relative change of the CNT curvature due to the presence of the long-range deformation. Nevertheless, general quantitative statements for different CNT types and defect types are not possible. The effect can either be negative or positive or even not present depending on the considered CNT structure.
Furthermore, the geometry optimization of the mediumlong CNTs, which includes the local rearrangement and the main features of the long-range deformation, is sufficient to describe the impact on the transport properties of CNTs. The influence of smaller features beyond this does not play a role. This obviously implies the existence of a characteristic defect-dependent length scale. This length scale in not only characteristic for the lattice distortions of a CNT, but also has an impact on its its electronic structure in the deformed region.
We finally conclude that the long-range deformation caused by the presence of defects has to be taken into account for theoretical calculations to get better quantitative statements, especially for small-diameter CNTs. Most theoretical investigations about the influence of defects on whatever property only deal with the strong short-range lattice distortion, which is indeed the most significant one. The long-range deformation is usually neglected, but this study shows that it has a significant impact for some defect systems.
